Introduction
Because of their great surface area, large pore diameters, and uniform pore structures, mesoporous silica nanoparticles (MSNs) are utilized for adsorption, separation, catalysis, and sensors in various chemical reactions. 1 The most common MSNs, such as Mobil Crystalline Material (MCM)-41, 2 MCM-48, 3 Santa Barbara amorphous silica (SBA)-15, 4 Michigan State University silica (MSU)-n, 5 and folded sheet-derived mesoporous silica (FSM)- 16, 6 were studied in the environmental protection field. Silicon alkoxides 7 and sodium silicate 8 are common silica sources; however, from the viewpoint of environmental resource protection, the current trend is towards recycling wastes containing silica or silicon as precursors for synthesizing mesoporous SiO 2 , instead of using commercial agents. For example, fly ash [9] [10] [11] and rice husks 12 can be utilized as precursors to synthesize mesoporous SiO 2 characterized by a hexagonal pore arrangement with a high surface area. In addition, the semiconductor and photoelectric industries in Taiwan are world-famous industries; large amounts of waste are also produced with increasing yields. Recently, MSNs have attracted much attention in the
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lin et al biomedical field due to their unique characteristics; ValletRegi et al applied MCM-41 as a carrier in a drug delivery system. 2 Due to the versatile properties of MSNs, including a high Brunauer-Emmett-Teller (BET) surface area, a large pore volume, and uniform porosity, MSNs are excellent carrier candidates for encapsulation and release of a variety of active pharmaceutical ingredients (APIs). 13, 14 Nano-enabled drug delivery systems are being applied in the pharmaceutical industry since nanoparticle-based drugs may have improved solubility and altered pharmacokinetics and biodistributions compared to small-molecule drugs. 15 The most interesting chemical properties of MSNs are the large specific surface area and large pore volume which have a high capacity for loading APIs in the inner pore system. MSN carriers used in drug delivery applications can provide several advantages including achievement of a sustained or controlled release, improved solubility of poorly soluble drugs, protection of the biological payload from physiological degradation, and a volumetric drug reservoir. 16 With clinical chemotherapy, the main problem is the rapid therapeutic drug release or dumping from the vehicle or matrix before reaching the targeted site, which can cause systemic side effects. MSN surfaces suitably decorated with recognition moieties, such as antibodies, 17 ligands, and polyethylene glycol (PEG), could achieve specific targeting. The functionalized process avoids nonspecific drug distribution throughout the body and minimizes side effects, while improving the therapeutic efficacy. 18 Lin et al 19, 20 successfully recycled wastes from the liquid crystal display (LCD) industry as a silica precursor, and synthesized an efficient mesoporous adsorbent for CO 2 capture. Moreover, the other elements also ensured that no significant residuals were present in the MSNs. Building on previous experience, the current study focused on safety and biocompatibility evaluations of MSNs synthesized from extraction of wastes from the manufacture of LCD panels to substantiate possible applications as drug carriers. Material characterizations of the pore structure, specific surface area, and pore volume were determined by the BET method using nitrogen adsorption-desorption isotherms. The safety assay utilized a cell viability test on a normal human lung fibroblast (WI-38) cell line and a human ovarian cancer (ES-2) cell line, and hemolysis of erythrocytes was also evaluated. The entrapment efficiencies (EE%) of two hydrophobic drugs were measured by a centrifugation method. In order to understand changes in the pore structure of MSNs when administrated by oral or intravenous injection through gastric, intestinal, or plasma routes, the crystalline structure of MSNs was examined by powder x-ray diffraction and transmission electron microscopy (TEM).
Experimental procedures Materials
Waste powder from the manufacture of LCD panels was provided by a thin-film-transistor LCD manufacturer in the Hsinchu Science Industrial Park, Hsinchu, Taiwan. There was no decontaminated treatment of these powders in the factory. Methotrexate anhydrous basis (MTx), camptothecin (CPT), and hexadecyltrimethylammonium bromide (CTAB, 89%) were purchased from Sigma-Aldrich (St Louis, MO, USA). Sulfuric acid (98%, reagent of special grade) was from Shimakyu Co., (Osaka, Japan). Other chemicals used in the study were of reagent grade. Human lung fibroblast (WI-38) cells and human ovarian cancer (ES-2) cells were purchased from the Culture Collection and Research Center of the Food Industry Research and Development Institute (Hsinchu, Taiwan). Cell culture media and supplements were obtained from Life Technologies (Carlsbad, CA, USA).
Preparation of MsNs
Waste silica powder obtained from thin-film-transistor LCD was utilized to synthesize MSNs, and the template in the synthesis process of mesoporous structure was chosen as CTAB. Briefly, the synthesis procedure of MSNs was described as below; 9.35 g of waste silica powder was prepared, added, and stirred in 137 mL of deionized (DI) water. Subsequently, a given amount of hydrofluoric acid was added; in addition, 7.28 g of CTAB was prepared and dissolved in 25 mL of DI water, and then dropped into the solution. Then, 32.06 g of ammonium hydroxide solution was added to enhance the hydrolytic condensation of the silica-surfactant precursor. The molar ratio and the composition of the synthesis precursor were 1 SiO 2 :0.2 CTAB:10 HF:12 NH 4 OH:120 H 2 O. All of the above procedures were performed under continuous stirring. The resulting precursor was aged at 25°C for 8 hours; the resultant solid was recovered by filtration, washed with DI water, and dried in an oven at 110°C for 6 hours. Finally, the resultant solid was put in the furnace at 550°C for 6 hours to remove the organic template, and the MSNs could be obtained after the temperature cooled down to 25°C. The schematic illustration of MSNs produced is shown in Figure 1 .
Material characterization of MsNs
The pore size distribution was calculated from the adsorption branch of the N 2 adsorption-desorption isotherm and the 
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MsNs from lcD manufacturing extracts as a potential drug carrier Barrett-Joyner-Halenda (BJH) method. The specific surface area of the MSNs was determined by the BET method using nitrogen adsorption-desorption isotherms (ASAP 2020; Micromeritics Instrument Corporation, Norcross, GA, USA), and the pore volume was obtained by the t-plot method. The crystalline structure of the MSNs was observed by low-angle X-ray diffraction (LAxRD; D8 Discover; Bruker Corporation, Billerica, MA, USA), and surface observations were obtained by TEM (JEM-2000Ex; JEOL, Tokyo, Japan).
cell viability assay
The percent cell survival was determined with a 3,(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) assay, which produces formazan crystals in mitochondria within cells. Human lung fibroblast (WI-38) and human ovarian cancer (ES-2) cells were respectively seeded in minimum essential medium α and Roswell Park Memorial Institute 1640 medium on 24-well plates at a cell density of 2 × 10 4 cells/well until cells were confluent. Medium was replaced by MSN suspensions at different concentrations for 24 hours at 37°C in air containing 5% CO 2 . Then we added 200 µL of the MTT solution (0.5 mg/mL) to each well and incubated the wells for 2 hours. In order to dissolve the water-insoluble formazan, MTT/medium was removed from each well, and 500 µL of dimethyl sulfoxide was added to each well. The extent of cell survival was determined by an enzyme-linked immunosorbent assay reader at 595 nm.
lactate dehydrogenase assay
Lactate dehydrogenase (LDH) release was determined by a commercially available method (Promega Corporation, Fitchburg, WI, USA). A cell density of 2 × 10 4 cells/well was exposed to various concentrations of MSNs for 24 hours. The total LDH released was determined by lysing cells with 0.1% Triton x-100 for 30 minutes at 37°C. Inflammation was represented by LDH release in a cell-free medium as a percentage of the total LDH release. The activity of extracellular LDH was measured at 490 nm.
erythrocyte hemolysis
Blood samples, obtained from healthy human volunteers, were collected into VACUTAINER™ tubes (BD Co., Ltd, Franklin Lakes, NJ, USA). Erythrocytes were separated from blood samples by centrifugation at 2,000 rpm for 5 minutes and washed four times with phosphate-buffered saline (PBS). Following the last wash, red blood cells (RBCs) were dispersed in PBS (v/v, 1/9) as the erythrocyte stock. The RBC stock (100 µL) was mixed with 50 µL of sample and 2.45 mL of PBS, and the mixture was incubated at 37°C for 1 hour, and then centrifuged at 2,000 rpm for 5 minutes to separate hemoglobin from complete and incomplete erythrocytes. The absorbance of the supernatant (hemoglobin) was measured with a spectrophotometer at 415 nm. Erythrocytes were dissolved in double-distilled water as a positive control (100% hemolysis) and in PBS as a negative 
TeM
The morphology of original MSNs was examined by TEM to characterize the microstructure. MSNs were incubated at 37°C and shaken at 50 rpm in an incubator in various fluids, including 0.1 N HCl for 1 hour to simulate gastric fluid and at pH 6.8 for 4 hours to simulate intestinal fluid. Original MSNs were suspended in double-distilled water, and those cells were applied to a carbon film-covered copper grid. After drying, the sample was examined by TEM (JEM-2000Ex; JEOL).
laXrD
In order to measure the crystal structure of MSNs, LAxRD was performed. After the same pretreatment process as for TEM, the sample was washed with double-distilled water in a centrifuge at 5,000 rpm for 10 minutes, and then the supernatant was removed. The centrifugation process was repeated three or four times. MSN pellets were dried at 50°C for 8 hours. The sample was examined by LAxRD (D8 Discover; Bruker) with CuKα radiation (λ = 0.154 nm) at a 2θ angle range of 0°-10° to measure the crystal structure.
loading drugs into MsNs and determining the ee%
MTx and CPT were separately used as model drugs, and effects of different concentrations of drugs of 0.01, 0.05, and 0.1 mg/mL loaded into MSNs were examined. The model drug molecules were loaded into pores of MSNs by soaking in a solution containing MTx or CPT for 12 hours. MTx or CPT was pre-dissolved in absolute ethanol or 30% ethanol, respectively. The EE% utilized a centrifugation method to separate the incorporated drug from the free form. Vesicle suspensions were centrifuged at 15,000 rpm for 30 minutes. Following centrifugation, non-incorporated free drug was in the supernatant, and the pellet was washed three or four more times. Amounts of free drug and entrapped drug were analyzed by high-performance liquid chromatography (HPLC) to determine the EE%, which was calculated by the following equation: 
statistical analysis
All data are expressed as the mean ± standard derivation. Statistical analyses were performed using an unpaired Student's t-test with WINKS SDA 6.0 software (TexaSoft, Duncanville, Tx, USA). A 0.05 level of probability was used as the level of significance. An analysis of variance test was also used.
Results and discussion
MSNs are well-known inorganic materials, which provide large spaces as drug delivery carriers. Our past research explored MSNs synthesized from the extraction of waste from the manufacture of LCD panels as an excellent CO 2 adsorbent. 19, 20 Synthesized MSNs possessed mesoporous properties of about 100 nm in average diameter, a surface area of 788 m 2 /g, a uniform pore size distribution of 3.8 nm, and a pore volume of up to 1.04 cm 3 /g. MSNs were capable of encapsulating hydrophobic chemotherapeutic drugs including MTx and CPT, and after exposure to simulated biofluids, the ordered structure was degradable. These results demonstrate that MSNs synthesized by extraction from LCD panel manufacture wastes are biocompatible for application as drug carrier candidates.
Physicochemical characterization of MsNs
An illustration of the N 2 adsorption-desorption isotherms of MSNs is shown in Figure 2 
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MsNs from lcD manufacturing extracts as a potential drug carrier type IV isotherms which was characteristic of mesoporous materials, featuring a narrow step due to capillary condensation of N 2 within the primary mesopores. 21, 22 The isotherms of the MSNs also indicated the type H1 hysteresis loop associated with well-arranged cylindrical channels with uniform shape and pore size.
23 Figure 2 also showed the BJH pore size distributions of MSNs. It is clear that the MSNs also showed a narrow pore size distribution with the peak size at around 3.5 nm, and the mesostructure of MSNs was very uniform. The physicochemical properties of BET specific surface area, specific pore volume, and average pore diameter derived from the N 2 adsorption-desorption measurements are summarized in Table 1 . Table 1 lists an average particle diameter of MSNs of 100 nm, a specific surface area of 788 m 2 /g, an average pore diameter of 3.8 nm by the BJH analysis, and a pore volume of 1.04 cm 3 /g. To observe the microstructure, a TEM analysis was also performed. Figure 3A shows the original silica source of MSNs which have a nanometersized spherical outline and uniform shapes. The images also revealed that MSNs possess a worm-like structural order with a mean diameter of 100 nm at magnifications of 40,000× and 80,000×.
cell viability and lDh release
We screened both the WI-38 and ES-2 cell lines to understand the cytotoxicity of MSNs, as shown in Figure 4A and B. When 1 µg/mL of MSNs was added to WI-38 cells, there was no significant change compared to the control group (P . 0.05). The addition of 5 µg/mL and 10 µg/mL of MSNs reduced the viability of the WI-38 cells to 82% and 84%, respectively, whereas at 50 µg/mL, the viability of the WI-38 cells significantly decreased to 34% (P ,0.001). On the other hand, 1 µg/mL and 5 µg/mL of MSNs did not produce significant changes in ES-2 cells. When concentrations were increased to 10 µg/mL and 50 µg/mL, cell viabilities were respectively reduced to 84% and 46%.
Since inflammation may elevate LDH release, we studied the influence of the MSNs concentration in both normal WI-38 cells and ES-2 cancer cells. The percentage of LDH was measured after exposure of WI-38 cells to various concentrations of MSNs for 24 hours. The LDH results also presented the same trend as the MTT assays, as shown in Figure 5A and B. After exposure to MSNs at 1 µg/mL to 10 µg/mL, there were no significant differences compared to the blank (P . 0.05); however, with 50 µg/mL of MSNs, LDH release significantly increased to 62.59% ± 5.98% of the total value (P , 0.001).
In ES-2 cells, LDH release had the same tendency. There were no significant differences when incubated with MSNs at 1-10 µg/mL; however, when the MSNs concentration was increased to 50 µg/mL, LDH significantly increased to 54.83% ± 1.62% of the total value (P , 0.001).
Cell viability and LDH assays were designed to understand the cytotoxicity and inflammation, and exposure of WI-38 and ES-2 cells to SiO 2 MSNs. At 1 µg/mL of SiO 2 MSNs, there was no cytotoxicity after 24 hours of exposure. In contrast, exposure to 5-50 µg/mL significantly increased cell death, causing the viability of WI-38 and ES-2 cells to remain at about 30%-50%. LDH results were consistent for both WI-38 and ES-2 cells, which indicated that SiO 2 MSNs induced inflammation at the 50 µg/mL dose. On the other hand, exposure to 1-10 µg/mL showed no inflammatory phenomena.
Silica MSN materials are extensively used in a wide variety of applications including catalytic support, photonic crystals, gene delivery, photodynamic therapy, and the biomedical field, being particularly attractive as a drug delivery carrier. 24 If employing SiO 2 MSNs as an injectable drug delivery carrier, these nanoparticles must be ,100 nm in diameter to avoid immediate uptake by the reticuloendothelial system. 25 However, much research indicated that amorphous mesoporous/nanoporous silica nanoparticles of ,50 nm in diameter reduced cell viability in an in vitro model. In addition, a previous study pointed out that ultrafine particles (,15 nm) had a greater ability to enhance pulmonary injury than fine particles (.200 nm) at the same chemical composition in an in vivo model. 26 Past research proved that exposure to silica is associated with progressive pulmonary inflammation and fibrosis. We need to confirm a limiting dose for usage.
hemolysis
The hemolysis assay was used to evaluate a safe dose when human erythrocytes are exposed to MSNs via intravenous administration. As shown in Figure 6 , MSNs at 5 µg/mL produced 3% hemolytic activity, at 1,000 µg/mL produced 30% activity, and at 5,000 µg/mL produced 86% activity. Notes: cell viability was normalized by setting the viability of untreated cell to 100%. Data are presented as the mean ± standard deviation (n = 3). *P,0.05, **P,0.01, ***P,0.001.
manner. These data revealed a good linear correlation (r = 0.954) in the range of 5-5,000 µg/mL of MSNs.
Generally, a drug delivery carrier is administrated by an intravenous route, and the hemolysis of erythrocyte is a serious biosafety concern. 27 To determine the concentration leading to lysis of erythrocytes by MSNs, human erythrocytes were incubated at a range of concentrations of 50-5,000 µg/mL for 1 hour. The in vitro results showed that the highest dose of 5,000 µg/mL of MSNs used in this study produced an 86% hemolytic effect. In contrast, at the lower doses of 5 µg/mL and 10 µg/mL of MSNs, hemolysis of RBCs was detected at about 3%-4%. We discuss the relationship between hemolysis and MSNs from three aspects. (1) In terms of the amorphous structure, silica materials with amorphous particle morphology will cause hemolysis of mammalian RBCs. 28 This kind of hemolytic behavior raises serious biosafety concerns regarding the application of amorphous silica for drug delivery involving intravenous administration and transport. (2) In terms of functional groups on MSNs surfaces, most researchers agree that the hemolytic activity of silica is related to surface silanol groups. 29 In the present study, our MSNs were pure silica, and no hydroxyl groups were connected to the Si. (3) In terms of particle size, previous studies indicated that larger particle sizes of about 250 nm may be preferable for MSNs hemocompatibility, 24 and at about 600 nm, strong local membrane deformation occurs leading to spiculation of the RBCs. 30 According to the above points, SiO 2 MSNs in the present work did not have an amorphous structure, there were no surface modifications on SiO 2 MSNs with hydroxyl groups, and particle sizes were smaller than 100 nm. Hence, SiO 2 MSNs should not cause serious hemolytic effects when within controlled ranges. MTx and CPT are used as potent chemotherapeutic agents in the clinic. However, because of the poor water solubility of these drugs, they do not dissolve in most biocompatible media, which obstructs delivery into tumor cells. Although synthesizing analogs by modifying the chemical structure is an alternative strategy, the irinotecan analog presented lower cytotoxicity toward cancer cells. 31 In addition, an alternative strategy is to make hydrophobic drugs in a lyophilized powder form, a well-known method to resolve delivery problems. Unfortunately, a narrow therapeutic index and toxicity cause serve adverse reactions. For example, CPT needs to be resuspended in an alkaline solution before being intravenously injected, which significantly alters the toxicological profile of the drug. 32 A clinical study clearly demonstrated that criteria of therapeutic drug monitoring need to be selected for MTx and CPT to optimize cancer chemotherapy. 33 Hence, changes in the physicochemical properties of hydrophobic drugs are necessarily required.
In this work, we employed a novel calcination method to extract a silica precursor as MSNs, and investigated the EE% of the hydrophobic drugs, as shown in Table 2 . The results showed that the respective EE% values of MTx and CPT adsorbed in the MSNs were about 34% and 75%, respectively. Some physicochemical-dependent manners exist between hydrophobic drugs and MSNs, such as the molecular weight, log P, polar surface area, and pKa. Basically, MSNs in this study presented a wormhole-like porous structure which produced a large specific surface area measured via BET method of 788 m 2 /g. However, MTx presented a low entrapment efficiency compared to CPT. That may be attributed to MTx's structure with amino and carboxylic groups which interact with SiO 2 through weak ionic interactions. On the other hand, CPT was highly entrapped in the MSNs, and the possibility of interactions between CPT and SiO 2 molecules was considerable. The hydrocarbon moiety of the CPT structure may interact with SiO 2 by hydrogen bonding forces. Typically, electronegative oxygen exists in SiO 2 , and oxygen has a partial negative charge, which may exhibit an affinity to interact with hydrogen atoms of CPT. Many hydrocarbon moieties exist in the CPT structure which can provide protons to interact with oxygens of SiO 2 . 
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Biocompatibility
In order to understand the effects of MSNs after oral administration or intravenous injection into the circulation, the structural order of MSNs will be changed by various biofluids. Original MSNs synthesized from wastes from LCD panel manufacture are shown in Figure 7A , which present an ordered worm-like structure with a mean diameter of 100 nm. On the other hand, the mean diameter and pore order of MSNs did not significantly change in simulated gastric or intestinal fluid on the microscopic scale. Moreover, LAxRD was performed to confirm changes in the pore order in microscopic observations, since impurities exist in the plasma medium which can be observed by TEM.
Although Figure 7B and C shows that MSNs incubated in gastric and intestinal fluids exhibited negligible changes, under LAxRD determination as shown in Figure 7 , MSNs incubated in gastric fluid for 1 hour and intestinal fluids for 4 hours showed a slight decrease, particularly at the 1.9° peak. LAxRD patterns of MSNs exposed to plasma for 24 hours were particularly distinctive at the 1.9° peak and in the range of 2.5°-4°. The results suggest that MSNs present slight biodegradable properties, particularly in gastric conditions and plasma circulation. This property is more important in relation to the design concept as to what kind of drug is suitable to be carried.
Conclusion
In summary, we utilized MSNs synthesized from extraction of wastes from the manufacture of LCD panels as a silica source for drug delivery carriers. This is pioneering work which successfully entrapped hydrophobic dugs in MSNs to overcome their water-insoluble properties. Moreover, exposure of MSNs to bio-conditions caused the ordered structure to become more degradable, especially in plasma conditions. This indicates that MSNs have good biodegradable properties. We also established dose limitations when applied as delivery carriers. The present study revealed that MSNs synthesized from extraction of wastes from the manufacture of LCD panels had good entrapment capacity for hydrophobic drugs and controlled safety conditions; they can be applied as a silica source for drug delivery carriers. There is a need for more in vivo assessments in a rat model with administration of MSNs orally or by injection to understand the changes in biochemical indicators and to investigate the pharmacokinetics. Also, the release behavior needs to be clarified. 
